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Ice, which is a crystalline solid, 1o deformsd plasilically vuder tue
prolonged preesure of loads. Flow, which is characteristlo of vincous
materialo, oan be cbservel in it.—~Xm 1304, Hese (1) calculated the viscoslty
of 1ce uceording Lo the syect of the deformatice {oag) of prisms.. kocording
to his caloulstion the viscosity of fresh-water 3ce at O degrees C a 1010
prise.

In 1906, Veynberg (2) deterainei the viscoeity of fresh-water ice by the
method of twisting a sample. The shepe of the seapls wau approximetely the
caus as in Hess' experimente -- 3-b og cm im oroes ssction and about 0-30 om
1ong. Veynberg's different samples had visoosities from 2-1012 . 101%. veyn-
berg calculated that the viscosity cf fresh-vater ice near 00 C ' 1013 potee. - -

In recent years, in connestlon with the extensive nse of 1oe orossings
and of varicus kinds of conptructions on lce founlations, the study of ice
deformation under prolonged pressure has acgaired great prastical importance.
It was necessary to determine the varrying capacity of ice by caloulating 1ts
elastic and plastic properties. To determine tLis carrying oapacity, it
vas necessary o knov the properties nf ordimary ice with average physiocal
properiies. This is the reoscn we set up experimeats ho study the plaatio -
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-..deformntion not-of  individusl - small:samples, but of-a naturalice cover -
of large ares. The method we adopted masde it possible not only to deter—
mine the viscogity, but also to determine the carrying capacity of the ice
directly. The method and the rest. l’cs of the experiment are described hers. -

The work was done on Lake Suzdsl!, at Ozerki, near leningrad. The
materological station of UGHS (Main Administration of the Hydromte-ma]_ogg_-
cal Service) was the base. \

Praparing the Ice

The ice for tne experiment was formed on the surface of the water in
ponds vhich were made in the ice~covered lake. These consisted of ice holes
3, 4, and 8 meters in diemster in the thick ice of the lake. The depth of
the lake at the ice holes was 3 meters. o

The lce was formed in clear, calm weather when the temperature or the
air vwas between -5'and L0 degrees C.

Imediats].y before the ice formed, the water in the ice holes was cares
fully cleansd of fragments of ice and other foreign matter. )

: This was ususlly done in the evening, snd a smooth, clear layer of ice

1-3 cm thick would form during the night. In those cases when thick fce
(5-10 em) was required; the ice was allowed Lo form cver o perind of several
days. The irregularit.ies in the thickness of ice were smail and of no prac— . ..
.tical importence. lake Suzdal' itself was the largest of our reservoirs.~ : ..
The ice on the lske was formed over the whole winter, and by the tims of the.
experiment it was 40 em thick. ‘ o ER

Jemperaturs of the Ice

Exporiments on the ice were made 2% O degrees ., As the winter of 1944
was mild, this proved to be easy for us. When the temperature of the air wes
less then O degress C, we covered the surface of the ice with a 2-or 3-cm~' -
tr ck layer of dry snow. The thermal conductivity of saow is low,and the . .»
tempersture of the ice covered with asnow quickly reached O degrees C°

Experimental Method

Applicaticn of tlie Iioad to the ice and the weasuremcnt of deformation
ware done with the following devices. Two unconnected beams were thrown
scross the pond. One of them could be walked on, and the weight-holder and
the equipment for recording the deformation of the ice were placed on the
other (Pigire 1). The weight-holder /1 / was a box to the bottom of which
was fastened, through a flange, & rod /27 LC om long and 6 cm in diamster. .
The rod fitted loosely in the guide pipe set in the middle of the beam,

The end of the rod had a hemispherical surface and hit agninst a circular
base % % cm in dlameten,. xhich rested on the ice. . o

The structure of the instruments which recorded ths deformaticn,
ndepressographs,” is shovn in Figure 2, The frame (ramka) /17 and the
pullsy rotating freely on its sxla /27 were attached to the beem /3/.
Two weights = one resting on the ice, and the other /Fp / serving
a3 a counterweight -- were hung over thu pulley on £ line. 1lhe pointer
[IL, attached to the p\xlley, indicated the divislons on the scale [57-

- -
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"I 'wad dceurate to 0,01 e’ In the beginning seven instrimienta were st Y AT
up along the length of the beam on both sides of the load., Since the
load was central snd the chart of the depression symmeirical along the
radil, we later confined ourselves to observing the depressions on Just
one side of the losd, ; o

"Dearessographs! of the haynov design (4) were used to messure the
deformstion of ice 40 cm'thick. A weight of 20-30 ldlograms was attached
to the end of a thin steel vire. The weight was lowered to the bottom of
the leke (Figare 3). The other end of the wire with counterweight Py (2 kg)
was hung over the pulley, the frams of which was attached to the instrument
on the surface of the ice. The pointer attached to tho wire recorded the
deformation of the ice on the drum of the time mechardsn.. The measurement
was accurste to 0,1 em,

The LO-cm ice was pioduced by fiiling a 5-gubic meter-tank with ‘water.\
The empty tank weighed 500 kg:.. A fire pump was used to fill it; s=nd the
process fook three hours. .

Results of Hessurementa
1. Elastic deformation

#hen. sho rt-time, small loads which do not cause cracks are spplied, @
the dce deforms elastically. The elastic deformetion is simultaneous with
the application of tlie load. Vhen the load is removed the ice returns to its” s
former state and the deXormation disappears. The readiugs of the instruments : .. .
with the yeverss effecto of the loads upon the ice sre given by way of ex= ... .i-.
ample in Tebly 1. Tho thickness of the ize was 0oAk9 cm. . The inatruments =5 ' i
" were ploccd st different distances from the place of epplication of the:lrsd. i ..
~ (along a radtus). e e e S

It is also possible to observe reverse deformation with heavy loads, . ';:’
but in thia case the observetion periud must be very slort. Whan. the experi- . "}
ment i3 prolonged, plastic deformation is adued to the elastic and reverse.::
resctions are not observed, The outline of the cross section of the depression ' i
is shown in Figuys 4, 1n whdch the date of Table 1 are plotted on.a graph. . . "

The distances from the load are plotted along the akacissa and the deform-. . ")
‘ation in centimeters is plotted along the ordinate. 1t is spparent from Figure. . *
4 that the hollow resulting from the depression ls comvex, .. . '~ .. @ .l

The change from convexity to concavity tekes place in the. immediate .
vicinity of the place of application of the load. We obtainsd thie type of
depresaion shart in every case with different thicknesses of ice snd 3if-
ferent loads. - . .

As the load on the ice wus increased the deformation increased funda-
mentally only in those parts of the ice which were witrin the limits of the
original dapression chert. The radius of the chart bore little relation to
ths sigze of the load applied and was primarily determined by tiie thickness of ...
the ice. The close relation of the diameter D of the dupression chart to the
‘tidckness h is apparent from Tsble 2, T e e T e B

2, Flastic deformation
Fhen losds sre applied over a long period of tiuwe, not only elastic,
but plastic deformation as well, is observed. Plastic deformatlon increasses
steadily with time fnd may be many timss the elastic deformation prodiced
by tha asme losd. The development of the depression chart (cross section)
- 3 - .
RPN
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with time and with ice of different thicknesees is shown in Figures a, 6aj" "™ i
78, and 8a, The diatance frem the load (along the radius) is plotted along
the cbacissa, and the deformation in centiueters along the ordinate. Curves
1, 2, 3, and 4 correspond to the state of deformation at different times,
reckoning from the beginning of the application of the losd. The time
periods are given below the figure. The losds at the time of deformation
measurements are also presented there. . In these experiments the hollow of
the depression filled up with water te the average level of tho water in the
pond. The ice was perforated at some point and ihe water flowed out of it
continuously as the deformation-increased. Therefors only the initial load
P conged the fundsmental deformetion of the ice, end the reaction of the
vwater as a result of hydrostatic rressure was always eliminated. In these
experiments the elastic deformation of the ice was always smsll in comparison
with the totel plastic deformation. It consisted of from 0-5% of the total
deformation observed st the end of the experiment. The plastic deformation
inereases without interruption up to the time of the breskdown. In cases of
plastic deformation, cracks are formed in the ice only st the moment of break-
dowa. &s the drawings show, the nature of plastic deformation is uniform for
ice of al) thicknesses. The curves are convex, as in elastic deformation.
The relation of d:formation to time, ealculsted by the first instruments for
jee of the seme thicknesses, is shown in Figures 5b, 6b, Tb, and 8b. The
deformation is ehown on the abscissa and the time on the ordinate, . The
 near relationship shows that a definite conetant speed exists for plastic
deformation in ice of & given thickness with a given loed. If we gut the
indings of the other instruments on these graphs -~ that is, tne deforma-
tion at points further removed from the plsce where the load is applied ~- =
strajght lines are also obtained, but with less incline. The rete of plas~ .
tic deformation decrezses with the distance from the point where the load .
1s gpplied, &nd at @ certain distence, R, it becomes equal to gero. Ip
%48 way plestic deformstion doeg not take place along tho entire line or
the elastic depression tut is concentrated in a limited area. Accordingly, -
the value R ~< the active rsdius of the loaZ in plastic deformstion ~ ig:
_ considerably less than in elastic deformation. In the cese of ice 40 cm o
. thi#k tha estive radius of elastic deformation ic 25 meters. But pisstic - -
seformaticn is practicaily ilimited teo § meters. TR A

The rate of plastic deformation depends to & considerable extent °
dpon the stmoapheric temperature. In sxperimsnts with thin ice on cold
days when & anow cover was not used, we found instances in which plastic ... fono
deformation 6id not break the ice. In these cases a decresse in the rate “. " "
of plagtic deformation was noted in the course o time with a comstant
108d. = To maintain a constent deformation rate, it is necessary to in-
crease thy load gradually. Thei. *he ic3 hes a point of ‘yleld snd bshaves
juwt as other crystalline substences considerably below the melting point.

3, Viscoalty

The curve of the depression is showi in Figures 5a, 6s, 7a, and
8. Te shall designsie the rats of plastic deformstion of the laysr . ’
directly adjoining the area of thc radius r, by v.; R is the active radius, :
thut is the distsnce at which the plaatic dgformeion sna the rate of plas-
tic deformation v are squal to gero. ‘It is evident from the curves of Flg--.:
ures 58, 63, etc., thet the radius R does n.t vory greatly with the increass
of plastic deformation up to the time the ice dresks, since 1or a given
thickness of the ice it cen almost bs regarded as constant.

For a stationary condition we can compare the viscous strength,
.J\W‘rhﬂ%) \dﬁ: thg weight of the load P,
USRS . gy e
LSOTINE-
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After integrating and onlculating the Limited oonditions, by WHIGH -

vVaO vhenr:kendlv av, vhenr = 1

we obtain the eguetion for viscoolty: °

(1)

: This equation ia derived Prom consideration only of dreakling pressures.
Aotuelly a bend in the plate takee place due to normsl pressuree. From the
point of view of Maxwell's theorie: the fiow of plastio materials is a relax-
ation of pressures that exiet in thim.. Therefore, those pressures to.which

a great deformation corresponds ale: show the grestest rate of plastic flow.

- In our experiments, as the deformation caloulations show, the bend
vas 7f great importancs. Tals 1a etjeclally true in the case of thin ioe.
By Haxvell's theory, we can dctermir: ths viscosity of Lce by the following
nethod as well. . S

The deformation from the. ber) of a civoular Flate, loaded {n the

center with the ooncentrated force P 1nd fastoned at & digtance R frem the
centers, is ‘

2 ; B . . .-
_30=-) L__a_y.2; R ‘
fen=irEa PR =r2 =201, 8,
o @
whare ¢ s l’einon'.z osoeffloient, r 1% the radine at ehé po'lnt' on the ouive

ualer constderation, and E is the cosffcient of mlasticity (90,000 kg/sq 4(::; e

In mocordance with Maxvell's thiry, we can now replace Thony With
the rate of plastic deformstion v, and % 1ith viscoaity ‘7" + Then :

n /‘7’3"./'3 R re=Jdzr ln é]

BN Py <
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or, for the center of the plate

2 "/47;’3.91.‘

(3')

‘ RBquations (1) and {3) are needed for correction of the effect of
the dlstriduted load, aricing from the difference in the densitles of the
ice and water, upoo the iceé. We ehall consider this loed evenly dlatrib-
ated over the entlrs surface of the 1ce having an srea of 7r-R{, the
16e being already snbmerged in the vater. Beyond the limite of this area
"4t wiil bs squal to zero. Then to v in equar.‘onn (1) ama (5) it 18 necessary
ts add the rate

- P b3
O Adg(R* -+
“n
4 . ()
whsre 48 15 the differen.ce‘in densities of the water and ice, anﬁ e‘u‘ the
acoeleration from the force of gravity.  Sinse the deformation ocurve is not -
vary sharp Rj 1s somevbat leas than R apd, as is avident from the curves

in the dravings, it increases wikh t.he dsvolopment of the plastio éels.ma- .
tiom. .

‘¥t 3e oonmiderably lees than the mter: ezperizentally oburved,' 3
apd tharefors we 41d not take it into mccount in the viscosity calculation.

It is evident from equationa (1) and (3) that to determine viscosity
1t 1s suffiolent' to kuov the rate of plastic deformation (vq) in the leyer
direotly adjoining the place whore the load is applied (ro) We used the
findings of the first inetruvent for maximva deformatlon, and we oalculated
vo Crom the cutver in Pizurss 5b, 6b, etd. Ii should be noied thui equations
(‘) and (3 may alen be noed.  In thoss squatlsue fur sser wadlue.r oo bac.

‘ourve there ls a ocorrespondling rate of plastic defom!z!or. v. “The resglv 08
thin eaieniation e inviviabie, .An Anmq 4 are A.J.vun Tne d805  From ow
various axperimeats and calculations of txe vigsosily of lce sooorﬁing to

. equations (1') aca (3'). ,

We see that viaoality, calcu!.at.ed according to eguation (1'), is
conslderably lese than whep calculated by equatisn (3'). This was $o be .. .,
expscted, since equation (1') {s applicable for ehesr d1splacomsnt, and 1a

3 upertmnts the essential part ves:played by the. bend. . . e
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Tn Veynberg's experiments, in which the viscosity of ice was' R
determined by the angle-of-twist method, there was sheer oﬁ,eplacemente
- Neeording to his data, ice viecosity at Q ‘degrees C is X polse.
* . The results of our data, sasembled in the following column, sre near
' this value. '

o It should be noted that in the experiments of Hess as well as

in ours, the bend played the leading part. Neverthelesa, by mistake,

Heas used only the shearing pressures in his caleculations, _and as a re- n

sult he obtained mich too low a value for viscosity — 10 polse. KA

Recalculation of viscosities from his date gives a considergble
increase in viscosity and lass divergence from the duta of Veynberg. The
" difference in viscosities i3 also observed in other experiments. The
difference between Veynherg!s and ours, &s can he aeen from Table 3, is
evidently to be explained by the differemce in the conditions of the
axperiment and the growth of the {ce. Viscosity is one of the character-
{stics of the mechanicel properties of a substance very sensitive to
structural changes. ‘lherefors amall variations in ths freezing condi-
tions of the ice — &ts temperatures, etc. can result in s sharp dif-
: : forence in ito visocosity. Allowing for this, we can conclude that the
Lo p resiits of our experiments, which were cerried out undsr field conditions
EINRES ’  and written uvp according to Haxweil's theory, give spproximateiy the same
N TR . viscosity value for fresh-water ice as other experiments of the laboratory
L. Bend Curve

The deformation at each separate point on the curve, Just ss the :
© fil aurve, must be the total effect of deformstion in bending and in bresk-
ing. : :

The deformation with a bend in a circular plate with e concentrated
joad in the center and with a firmly fautened edge ir described by ecuatlon :
(2). According to thls squation, the deformation curves are parsbolas, sterting
from the placo of application of the load and ending st the msximum radius !
R. .The equation for deformation in breeking follows from equation (1), #nd

s g S ' for a given interval of time . _
8 Cpe P ’3‘5 £ Cl";
Bsheariag Ty n =Lt o

)
vhere C 1s a e&:s_tam.. .

3 According to this ewation, the deformation spsedily increases with .
decrease in the radius r, that is, with the approach to the place where the ' :
. load is applied, Tae curves sre convex instead of concave, as follows from
* eqation (2). '

. ‘ el The bend curves we obtalnsd aexperimentally sre well describsd by
-t . e  esquation (5) and can not be represented by ‘equation (2) at all. It follows
’ . i from this, that deformetions at the point of breakdown determine the furm of

# . N - deformation curves or the curve in the case of concentrated loada.

The deformation curve, aicording to equation (2); 18 to:-be expected
only with large ureaa of distribution.

- T
<RI~

e
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S. Carrying Uapscity

. Under long-time loads the plastic deformation of ice increases
with time, and when it reaches a certain value it causes fracture.

The velue of this breskdown deformation is ons and the same for
a glven thickness of ice. The relationship of the bresgkdown defomt.«.ou
to the thicknees of the ice is given in Table 4,

With large loads the breskdown deformation values are quickly resched, -
and with small loads it goes slowly and msy take a very long time.

_ The time required for plasti¢ deformatinn to reach the fracturing
poiat is determined by those pressures as a result of which the ice flows,
The ice sustains the grestest breakdown pressures around the perimeter of the
base on which the losd is placéd. Im our experiments round supports with
a radius rp surved as bases. The breakdown pressures may be calculsted by
. the equation k

-~

R
rz?f.ﬁ, '271-)'01\. 4

where 77 is the psrimeter of the support. It follcrs from our data that the
U mes of onset of the breakdown s shortened .wnsiderably witl increase of ‘
the breakdown pressures. When T = 0,2 sq c¢m the ice breaks at the end

of 8 deys, and hen T = 1,35 kg/em [a'i iv breaks after, 13 minutea.

The brsakdown pressure T = 0.2 kg/sq om i2 the lowest in our ex-
poriments at which breakdown resulted from piastic deformation. Ve recoisend
not exceeding this value in cases when the burden remeins on the ice cover
for a long time. This mesns, for example, that a 3-ton sutomobile should not
stand for a lon; time on ice even 30 to 40 am thick, or a persun of medium
weight on 5= to {mom. Lce, etc,

Bat ice of these thioknesses is fully paasrdle for sutometiles and
persons, respectively.

The time which a load stands on ice may also be limited by the ex-
tent. of the bending movements. e shall not g0 into this due to lack of
gpace. ) .

. We were assisted in this vmrk by our scientific colloagues of GUlls, :
Ivanov, Kolokol'tsov, and Roghanskaya. Ye express our theunks ic thea here.

' RESUMB
L. A method was described of studying the plastic deformatica of
floating nowural ice.
2. Charts are given of elastic and plastic ice deformation.

3, It wac slown that the rate of plastic defcmation Is conctant with
& constent oiolonged load. .
. : Le-
MNSMGTIED.
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4o A method of measuring the viscosity of floating natural ice was
developed. . .. .. Lo ‘ o : o i

5. The viswosity of ice st O degrees C wos determined.

6. - It was proved that plastic deformation even with amall loads
eventually leads to breskdown of the ice, if its tempersture ¥ O degrees C.

Dangerous and safe values of breskdomn Pressures for long-time turdens
on ice ere determined.
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